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METHODS AND APPARATUS FOR CONTROLLING 
THE REMOVAL RATE DURING ELETROPOLISHING 



INTRODUCTION 

The present invention relates generally to a method and apparatus for controlling the 
removal rate during electropolishing metal layers on semiconductor wafers. 

SUMMARY OF INVENTION 

One aspect of the present invention relates to a method of controlling the removal rate by 
maintaining the constant physical viscosity and constant electrolyte flow rate through the 
polishing nozzle. The constant physical viscosity is maintained by keeping stable composition of 
electrolyte and adjusting temperature of electrolyte. The stable composition of electrolyte is 
maintained by keeping the water content inside electrolyte constant. 

In accordance with another aspect of the present invention, the bubbles generated during 
the poUshing can be removed through a system of specially designed location of flow inlet, drain 
line, and flow path of electrolyte inside electrolyte reservoir 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 

In order to provide a more thorough understanding of the present invention, the following 
description sets forth numerous specific details, such as a specific material, parameters, and the 
like. Additionally, the subject matter of the present invention is particularly suited for use in 
connection with electroplating and/or electropolishing of semiconductor workpieces or wafers. 
As a result, exemplary embodiments of the present invention are described in that context. It 
should be recognized, however, that such description is not intended as a limitation on the scope, 
the use or applicability of the present invention, but is instead provided to enable a more full and 
a more complete description of the exemplary embodiments. 
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Fig. 1 shows an electropolishing mechanism consists of wafer chuck 1002, wafer 1004, 
moving mechanism to rotate and laterally translate wafer chuck 1002, electrolyte nozzle 1010, 
moving mechanism 1012 to laterally translate nozzle 1010, and electrical power supply 1018 
connecting with wafer 1004 and nozzle anode 1014. For a more detailed description of the 
electropolisher, see U.S. Letter Patent No. 6,395,152, entitled METHODS AND APPARATUS 
FOR ELECTROPOLISHING METAL INTERCONNECTIONS ON SEMICONDUCTOR 
DEVICES, filed on July 2, 1999, the entire content of which is incorporated herein by reference. 
Also see U.S. Provisional Application Ser. No. 60/462,642, entitled METHODS AND 
APPARATUS FOR OPTIMIZING ELECTROPOLISHER, filed on April 14, 2003, the entire 
content of which is incorporated herein by reference, disclosing variety of nozzle shape designs 
to enhance removal rate profile of nozzle during electrical poUshing process. 

The contact areas of electrolyte column with wafer at different flow rate and/or viscosity 
are shown in Figs. 2A through 2D. Figs. 2A and 2B show contact area 2009 of electrolyte 
column 2008 with wafer 2004 when electrolyte flow rate is small and/or viscosity of electrolyte 
is high. By increasing electrolyte flow rate and/or reducing viscosity of electrolyte, the contact 
area 2009 increases as illustrated in Figs. 2C and 2D. This is the result of flow dynamic of 
electrolyte. 

Fig. 3 shows a typical relationship between removal rate and electrical current by 
employing electropolishing mechanism disclosed in Fig.l . As the electrical current increases to 
the electrical polishing region, the slope of removal rate starts level out and the polishing 
efficiency (defined by removal rate/amp) is reduced as shown in Fig. 3. 

At constant polishing current, the polishing current density will reduce as the contact area 
of electrolyte colimm with wafer increases. According to the teaching in Fig.3, the lower current 
density will result in a higher polishing efficiency. Thus, the removal rate will increase when the 

contact area of electrolyte with wafer increases as shown in Fig. 4, assuming the current is at 
constant. It is important to keep a steady contact area of electrolyte column with wafer in order 
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to have a constant removal rate. The contact area of electrolyte column with wafer is affected by 
electrolyte viscosity, flow rate, and gap between wafer and nozzle. 

Fig. 5 shows the relationship between physical viscosity of electrolyte and contact area of 
electrolyte with wafer at the constant flow rate of electrolyte. A higher viscosity results in a 
smaller contact area of electrolyte colunm with wafer due to the flow dynamic nature of liquid. 
For that reason, it can be concluded that higher viscosity will result in a lower removal rate as 
shown in Fig. 6. In order to have a stable removal rate, the physical viscosity of electrolyte 
should be controlled at a constant level. It should be mentioned that a higher flow rate will result 
in a larger contact area of electrolyte column with wafer. Therefore, flow rate should be kept at a 
constant level in order to have a constant removal rate. 

I. TO MAINTAIN A CONSTANT VISCOSITY OF ELECTROLYTE 

Viscosity of electrolyte is determined by two major parameters: (1) temperature of 
electrolyte; and (2) the composition of electrolyte. Fig. 7 shows the relationship between 
physical viscosity of electrolyte and temperature of electrolyte. It is clear that higher 
temperature results in a lower viscosity. A close loop control for a constant viscosity can be 
achieved by adjusting the temperature of electrolyte. 

In a typical electropolishing electrolyte of acid base, salt base, or alkali base, water is 

easily removed from, or added into, electrolyte by either evaporation or absorption. An increase 
of water content in electrolyte will generally result in the reduction of viscosity of electrolyte. 
Therefore, a constant water-electrolyte balance is critical for maintaining a constant viscosity. 
The key is to measure the water content in electrolyte in order to control water-electrolyte 
balance. 

The present invention discloses a method to measure the water content in electrolyte by 
using temperature compensated viscosity meter. Since the temperature compensated viscosity 
(Tcv) factors out the temperature impact to viscosity as shown in Fig. 8, Tcv can be used to 
indirectly measure the water content in electrolyte as the change is shown in Fig. 9. 
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One particular embodiment of the present invention is a full close loop automatic control 
system of viscosity and water content, which is disclosed in Figs. 1 lA through 11 C. The system 
consists of electrolyte reservoir 11076, viscosity meter 11050, temperature sensor 11054, 
computer 1 1072, temperature control imit 1 1074, heating/coolant pipe 1 1060, electrolyte outlet 
1 1062, 1 1084, 1 1066, electrolyte return inlet 1 1068, water dosing inlet 1 1056, and water dosing 
control valve 1 1058. The temperature of electrolyte reservoir is set at a certain level so that the 
water evaporation rate is slightly higher than the water absorption rate. Water content can be 
controlled at a constant by dosing water into electrolyte reservoir. The absorption rate and 
evaporate rate depend on ambient moisture and temperature surrounding electrolyte and/or 
electrolyte reservoir. 

For example, for phosphoric-based electrolyte, the water evaporation rate is higher than . 
water absorption rate if the temperature of electrolyte reservoir is set at 35 °C with ambient 
temperature of 20 °C and moisture 70%. Computer 1 1072 then sends the temperature set point 
to temperature control unit 1 1074. Temperature unit will adjust its coolant temperature based on 
the reading from temperature sensor 1 1054. The control mechanism can be a typical PID 
(proportion, integration, and deviation) control method. Next, viscosity meter 1 1050 sends data 
regarding the temperature compensated viscosity back to computer 11 072. Computer sends 
signals to turn on water dose valve 1 1058 if the temperature compensated viscosity is lower than 
the set point. The dose amount can be set based on pre-calibration data shown in Fig. 9 or based 
on the particular PID method being used. By using this close water dose control mechanism, the 
water content can be measured and controlled at a certain value with minimum deviations. 

In another aspect of the present invention, the physical viscosity of electrolyte in the 
reservoir 1 1076 can be measured by viscosity meter 1 1050 and sent back to computer 1 1072. If 
the physical viscosity of electrolyte is higher than a set point, computer will send a lower 
temperature set point to temperature control imit 1 1074 based on pre-calibrated data shown in 

Fig. 7. Similarly, if the physical viscosity of electrolyte is lower than a set point, then computer 
will send a higher temperature set point to temperature control unit 1 1074 based on pre- 



4/10 



03/07/2004 



calibrated data shown in Fig. 7. Again, it must be mentioned that a PID control method can be 
employed here in the current of aspect of the present invention. 

In summary, a stable physical viscosity during a brief duration can be reached through 
temperature adjustment, and for a longer duration, stable physical viscosity can be reached by 
keeping constant water content in electrolyte. 

II. CONSTANT FLOW RATE OF ELECTROLYTE 

Fig. 13 A shows how electrolyte passes through the supply line and into the pohshing 
chamber 1 3002. As shown in Figs. 13A and 13B, pump 13014 operated by compressed air 
pumps electrolyte from electrolyte reservoir 13020. The same compressed air line operates 
surge suppressor 13012. Surge suppressor 13012 acts as a cushion to reduce the pressure pulses 
of electrolyte being pumped through the supply line. Electrolyte can be filtered by filter 13022. 

As shown in Figs. 13A and 13C, electrolyte passes through flow meter 13016, which 
measures the flow of electrolyte as it passes and said flow meter sends signal proportional to 
such flow rate to the control system 13018. 

From flow meter 13016, electrolyte reaches pneumatic ON/OFF valve 13010. The pilot 
air causes pneumatic ON/OFF valve 13010 to open or close to start or stop electrolyte supply to 

the polishing chamber 13002, as much as necessary for the processes. As shown in Figs. 13 A 
and 13D, the control valve 13004 controls electrolyte flow rate. It operates with pilot air from 
the pneumatic pressure regulator 13006 that receives signals from control system 13018. 

In addition to pneumatic ON/OFF valve 13010 there is another pneumatic ON/OFF valve 
13008. The said valve is used to drain electrolyte from the poUshing chamber 1002 and from 
supply line to electrolyte reservoir 13020. 

As shown in Figs. 13A and 13D, the control system 13018 uses the actual flow rate from 
flow meter 13016 and fransmits signals to the control valve 13004 to control and regulate the 
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flow of electrolyte in the supply line. Control system 13018 relays signals to pneumatic 
pressure regulator 13006, which can increase or decrease the pressure of pilot air to the control 
valve 13004 to cause it to pass more or less electrolyte to achieve the desired flow rate. If 
pneumatic pressure regulator 13006 receives no signal from control system it will set the pilot air 
to zero and control valve 13004 is closed. 

If electrolyte were to go to poUshing chamber 13002, pneumatic ON/OFF valve 13008 
will close, and both control valve 13004 and pneumatic ON/OFF valve 13010 will open. To 
bypass polishing chamber 13002 and deliver electrolyte back to electrolyte reservoir 13020, 
pneumatic ON/OFF valves 13008 and 13010 open while control valve 13004 is closed. 

When control valve 13004 closes, the excess volume of electrolyte that is lodged in the 
supply line between control valve 13004 and pneumatic ON/OFF valve 13010 can return to 
electrolyte reservoir 13020 through pneumatic ON/OFF valve 13008. In particular, to redirect 
electrolyte that is lodged in the supply line to electrolyte reservoir 13020, pneimiatic ON/OFF 
valve 13008 will be opened. As shown in Figs. 1 3 A and 13D, open pneumatic ON/OFF valve 
13008 allows electrolyte to be redirected back to electrolyte reservoir 13020. 

Fig. 14 shows a further detailed flow system control diagram. It consists of computer 
14000, digital/analog (D/A) and analog/digital converter (A/D) 14002, and electrical current 
controlled pneumatic pressure regulator or ff converter 14006 

Flow look-up table generation 

Step 1. Computer 14000 sends command to IP converter to generate one Nth of full 
pressure; N is number in the range of 5 to 100, preferably 30. 

Step 2. Computer 14000 records the flow rate through A/D converter 14002. 

Step 3. Computer 14000 sends command to IP converter to generate two Nth of full 
pressure. 
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Step 4. Computer 14000 records the flow rate through A/D converter 14002. 

Step 5. Repeat steps 3 and 4 for point 3, 4,„„ N-1, N separately, as shown in Table 1 

below: 



Table 1 Flow look-up table 



Point 1 






Point n-1 


Point n 






Point N 


Po*l/N 






Po*(n-iyN 


Po*n/N 






Po 


Flow(l) 






Flow (n-1) 


Flow (n) 






Flow (N) 



For a flow rate fO, computer will search in the table to find a range Flow (n-1) and Flow 
(n) so that Flow (n-1) < fD < Flow (n). Then computer will calculate the pressure PI as follows: 

PI = P0*(n-1)/N ^(fO- Flow (n-1)) * ((PO*n/N) - PO*(n-l)/N))/(Flow (n) - Flow (n-1)) (1) 

This initial calculated pressure set point PI will be sent to control valve 13004 and brings the 
flow rate to the closest desired flow value fl. 

If the flow rate fl is different fi-om fD, the following formula can be used to correct the 
flow rate again. 

P2=P1 + (fD -fl) *((PO*n/N) - P0*(n-1)/N)) / (Flow (n) - Flow (n-1)) (2) 

Then a continuous measurement is taken repeatedly to increase or decrease pressure in the 
control valve 13004 to maintain a flow rate closest to the desired set point. 

The look-up table as shown in Table 1 can be regenerated or updated periodically 
depending upon the stability of control valve 13004, the A/D and D/A converter 14002, and IP 
converter 13006. 
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The method described here is useful when upstream or down stream pressure varies 
during operation. 

III. TEMPERATURE IMPACT TO POLISHING EFFICIENCY 

Fig. 10 shows tiie relationship between polishing efficiency and temperature at a constant 
contact area of electrolyte column with wafer. As temperature increases, the polishing efficiency 
increases due to the chemical effect of electrolyte. As we discussed previously, the temperature 
of electrolyte has been used as a variable to adjust physical viscosity in order to have stable 
contact area of electrolyte column with wafer. In order to compensate the temperature impact to 
polishing efficiency, electrical current adjustment can be used according to the present invention 
based on pre-calibrated data shown in Fig. 10 and Fig. 3. For instance, when temperature of 
electrolyte due to viscosity adjustment increases, the electrical current can be slightly reduced to 
compensate it. The current can se set as follows: 



Io( 



dpOoJo) 
dT 



)dT 



p(To,Io) + 



dp(To,Io) 
dl 



Where, Iq is the set point of electrical current, To is temperature set point of electrolyte, dT is the 
temperature deviation from set point To, and p(T, I) is the polishing efficiency fimction. 



Gas Bubble Removal 

Gas bubbles (oxygen and hydrogen) are generated during the electrical poUshing process. 
The bubbles will be mixed with electrolyte and flowing back to electrolyte reservoir. The bubble 
will move to surface of electrolyte as they flow in to outlet. If the bubbles are re-pumped back to 
nozzle with electrolyte, they will reduce the effective contact area of electrolyte column with 
wafer. Therefore, the removal rate will reduce. In order to remove bubbles from electrolyte 
before being re-pumped back to polishing chamber, two dividers 1 1078 and 1 1080 are placed 
inside the reservoir as shown in Fig. 1 1 B. Two dividers are placed from bottom of reservoir to 
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above electrolyte surface; therefore electrolyte will follow the tunnel formed by two dividers. 
This will uniformly prolong the returned electrolyte to reach the outlet area. In order words, the 
gas bubbles will have enough time to raise to surface of electrolyte when they travel to outlet 
portion of reservoir 11 076. 

For a detailed description on a filtering mechanism for gas bubbles, see U.S. Provisional 
Application Ser. No. 60/462,642, entitled METHODS AND APPARATUS FOR OPTIMIZING 
ELECTROPOLISHER, filed on April 14, 2003, which is incorporated in its entirety by reference 
herein. 

Various aspects of the present invention disclosed herein can be used in variety of 
electropolishing mechanisms as shown in Figs. 12A to 12F. In general, both nozzle 12032 and 
wafer chuck 12020 can be stationary or moveable, and the wafer surface can be face up, or face 
down, or face side. The following table 1 simmiary the detail features: 



Table 2. Variety of electropolishing mechanism 





Fig. 12 A 


Fig. 12B 


Fig. 12C 


Fig. 12D 


Fig. 12E 


Fig. 12F 


Stationary 
Chuck 








Yes 


Yes 


Yes 


Movable 
Nozzle 








Yes 


Yes 


Yes 


Movable 
Chuck 


Yes 


Yes 


Yes 








Stationary 
Nozzle 


Yes 


Yes 


Yes 








Chuck 
Face 


Side 


Down 


Up 


Side 


Down 


Up 



The above detailed description of various devices, methods, and systems used to improve 
removal rate uniformity during electropolishing is provided to illustrate exemplary embodiments 
and is not intended to be limiting. It will be apparent to those skilled in the art that numerous 
modifications and variations within the scope of the present inventions are possible. Therefore, 
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the present invention should not be construed as being limited to the specific forms shown in the 
drawings and described above. 
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